Fe-S cofactors are composed of iron and inorganic sulfur in various stoichiometries. A complex assembly pathway conducts their initial synthesis and subsequent binding to recipient proteins. In this minireview, we discuss how discovery of the role of the mammalian cytosolic aconitase, known as iron regulatory protein 1 (IRP1), led to the characterization of the function of its Fe-S cluster in sensing and regulating cellular iron homeostasis. Moreover, we present an overview of recent studies that have provided insights into the mechanism of Fe-S cluster transfer to recipient Fe-S proteins.
Discovery of a regulatory role for an iron-sulfur cluster in iron regulatory protein 1
Interest in understanding how mammalian cells regulated iron uptake and distribution in the 1980s led to the discovery of a post-transcriptional regulatory mechanism, which was found to be crucial for cellular and systemic iron homeostasis in vertebrates. It was known that the expression of a major iron storage protein, ferritin (Ft), 2 was primarily regulated at the translational rather than transcriptional level (1, 2) . However, it was not possible to dissect how ferritin levels were controlled under different conditions of iron availability until the genes encoding H and L ferritin were cloned in 1984 (2) . At that time, gel-shift assays were commonly used to demonstrate direct binding of specific transcription factors to DNA sequences. A similar approach revealed that one or more cytosolic proteins were bound to the 5Ј-untranslated (5Ј-UTR) region of ferritin transcripts in mammalian cells (3) (4) (5) . Moreover, it appeared that the binding factors reflected the iron status of the cell, as ferritin translation and gel-shift binding activity were reduced in cells that were iron-deficient, while conversely increasing in cells that were iron-loaded. The region of the ferritin transcripts responsible for mediating translational regulation was identified and subsequently named the IRE, for iron-responsive element. The IRE was defined through mutagenesis and sequence homology as a short stem-loop structure located near the 5Ј-end of the ferritin transcript. Intensive efforts to identify cytosolic factors that bound to the IRE resulted in cloning of two major cytosolic regulatory proteins, iron regulatory proteins 1 and 2 (IRP1 and IRP2) (5) . It was immediately apparent, upon inspection of its primary amino acid sequence, that IRP1 was remarkably similar to mitochondrial aconitase, which was a well-characterized Fe-S protein. A cubane [Fe 4 -S 4 ] cluster in the IRP1 active-site cleft was known to be critical for the reversible aconitase-mediated conversion of citrate to isocitrate (6) , which is essential for cholesterol and fatty acid metabolism, as citrate is the substrate of ATP-citrate lyase, which generates acetyl-coenzyme A utilized for cholesterol and lipid biosynthesis. Additionally, citrate has important regulatory roles in glycolysis and fatty acid synthesis and oxidation (7) . Isocitrate is also metabolized by the cytosolic NADP-dependent isocitrate dehydrogenase to generate ␣-ketoglutarate and NADPH; the latter is an essential cofactor for several enzymatic reactions involved in glutathione metabolism and lipid and cholesterol biosynthesis (7) . Interestingly, IRP1 was found to readily convert from an Fe-S enzyme, which exhibited cytosolic aconitase activity, to an apo-form, which was able to bind with high affinity to the IREs present in several messenger RNAs (mRNAs) encoding proteins involved in iron homeostasis (8, 9) . IRP1 binding to the 5Ј-UTR of the Ft transcript was found to sterically interfere with translation of the Ft mRNA and therefore with ferritin synthesis (10) .
Multiple studies characterized critical structural properties and sequence features of functional IREs, which were used to identify novel IRE-containing transcripts (11) . A three-dimensional structure of a classical IRE is depicted in Fig. 1 . It consists of a lower base-paired stem, an unpaired cytosine that bulges out from the stem, and a five base-paired upper stem upon which a 6-membered loop rests. The loop contains base-pairing between positions 1 and 5 and a highly conserved G residue. Using informatics approaches followed by biochemical assays, functional IREs were identified in the 5Ј-UTR of at least seven other transcripts, including the erythroid form of aminolevulinic acid synthase (ALAS2), which is the rate-limiting enzyme for heme synthesis (11), mitochondrial aconitase (12), HIF2␣ (13) , and the iron exporter ferroportin (14) , in addition to the ferritin H and L transcripts (3). Five IREs are present at the 3Ј-UTR of the transcript of transferrin receptor 1, where binding of IRPs protects the mRNA from degradation and thereby increases levels of transferrin receptor 1 in iron-depleted cells (15) . Another important iron transcript encodes the divalent metal transporter-1 (DMT1), which is found on the apical membrane of duodenal enterocytes and in endosomes, where it is responsible for the export of iron from recycling vesicles to the cytosol. DMT1 mRNA contains an IRE at its 3Ј-UTR, which enables cells to increase expression of the iron transporter under conditions of iron deficiency (16) . An IRE was also identified in the 5Ј-UTR of the Alzheimer's amyloid precursor protein transcript, pointing to a possible iron-dependent regulation of intracellular amyloid precursor protein levels (17) . The transcript of CDC14A, a cell cycle regulatory protein, also contains a potentially functional IRE in its 3Ј-UTR (18) . Other advanced techniques may reveal additional functional IREs in mammalian transcripts (19) .
The mechanism of iron sensing was subsequently supported by solution of the crystal structures of cytosolic aconitase with its intact cubane cluster (20) and of the IRE-IRP1 complex, which formed in iron-depleted conditions upon loss of the Fe-S cluster from IRP1 (21) . Important features of the high-affinity IRE-IRP complex included a large conformational change of domains 3 and 4 of the protein, with the IRE projecting its bulge C and A15, G16, and U17 residues of the loop into the newly accessible binding pockets of the IRP1 apoprotein. Thus, the presence or absence of the iron-sulfur cluster of IRP1 was crucial in determining whether the protein would function as a cytosolic aconitase or as a post-transcriptional regulatory protein that increased levels of available cellular iron by decreasing synthesis of the iron sequestration protein, ferritin, and enhancing translation of the iron uptake proteins, transferrin receptor 1 and DMT1.
When IRP1 was cloned, a second IRE-binding protein, IRP2, was also identified (5, 22, 23) . IRP2 was found to be rapidly degraded by the ubiquitin proteasomal system in iron-replete cells (24, 25) , to lack aconitase activity, and to contain an extra 73 amino acid domain enriched in cysteine and proline residues and located 139 amino acids downstream of the translation initiation codon. The role of the 73 amino acid domain remains uncharacterized. IRP2 is not known to ligate an Fe-S cluster, even though the cluster-coordinating cysteines are conserved between IRP1 and IRP2. IRP2 functions as an IRE-binding protein, which appears to have nearly complete overlapping and redundant functions to IRP1. It probably arose from a gene duplication event, which likely enabled the two IRPs to assume slightly different roles in overall physiology (26) .
Both IRP1 and IRP2 are ubiquitously expressed in all cell types, although at different ratios (27, 28) . Cells that lack both IRPs fail to survive the blastocyst stage, whereas animals that lack either IRP1 or IRP2 live to be adults (29) . However, IRP1 or IRP2 knock-out mice present with dramatically different phenotypes that likely reflect the differential dependence of specific cell types on each IRP to achieve full function of the IRE-IRP regulatory system. IRP2 knock-out animals develop adult onset neurodegenerative disease (30 -32) , with prominent loss of motor neurons and abnormal balance and gait (33) , along with anemia (32, 34) and erythropoietic protoporphyria (32) . In contrast, animals that lack IRP1 develop polycythemia, cardiac fibrosis, and pulmonary hypertension attributable to high HIF2␣-medi- ated induction of erythropoietin expression, caused by failure to repress translation of the HIF2␣ transcript through IRP1 binding to the 5Ј-UTR IRE of HIF2␣ mRNA in erythropoietin-synthesizing cells of the kidney (35, 36) .
How iron-sulfur clusters are synthesized and trafficked in mammalian cells
Upon discovering the role of an Fe-S cluster in regulation of intracellular iron metabolism, researchers began to focus on the question of how mammalian cells synthesize Fe-S clusters. It was known that Fe-S clusters could assemble from iron and inorganic sulfur under anaerobic conditions in organic solvents (37) , but comparable conditions are not present in mammalian cells. The key to elucidating the mechanism of Fe-S biogenesis in living cells was provided by studies in the bacterium Azotobacter vinelandii, which was found to have three operons devoted to Fe-S cluster biogenesis, one of which, the specialized nif operon, encoded proteins involved solely in Fe-S cluster assembly for nitrogenase (38) . The subsequent identification of the Escherichia coli iscϪ and sufϪ gene cluster components revealed that the core machinery for Fe-S cluster biogenesis is evolutionarily highly conserved to engineer a complex series of biogenesis reactions, although the operons are activated under different conditions. The isc operon is constitutively expressed, whereas the suf gene cluster is highly activated under oxidative stress conditions (39) . Orthologs of the bacterial isc genes have been identified in yeast, plants, and animals (40) , whereas the suf system is present mainly in cyanobacteria and plants (40, 41) . Intense studies in bacteria and yeast have provided most of the insights into the mechanism of Fe-S cluster assembly, which starts with sulfur mobilization from the substrate cysteine by a cysteine desulfurase (42) . A main Fe-S cluster scaffold protein, physically bound to the cysteine desulfurase, provides the cysteine ligands to coordinate the newly synthesized cluster; concurrently, a not yet identified donor protein provides iron, whereas ferredoxin supplies electrons required to achieve the final electronic configuration of the nascent Fe-S cluster. Finally, a cochaperone/chaperone system assists in transferring the cluster to recipient Fe-S apoproteins (Fig. 2) .
As the genes encoding components of the Fe-S biogenesis pathway were identified in the 1990s, it was also possible to search for their orthologs in the partially sequenced human genome. The human ortholog of the sulfur-mobilizing enzyme, now known as NFS1, was found to have a conserved function in mammalian cells (43) and to form a complex with the human ortholog of the scaffold protein NifU, named ISCU, in both the mitochondrial matrix and in cytosolic/nuclear fractions (44) . In addition, the eukaryotic cysteine desulfurase, Nfs1 in yeast, was discovered to depend on an obligate binding partner, Isd11, for function (45, 46) , and a single ISD11 ortholog, also known as LYRM4, was identified in the human genome (47) . Based on sequence homology with bacterial and yeast ferredoxins, two genes, FDX1 and FDX1L, were identified in human, but only one, FDX1L, was initially thought to be dedicated to Fe-S biogenesis (48) . A subsequent study contrasted with this conclusion and found that the two human ferredoxins have redundant functions and are both involved in Fe-S cluster biogenesis (49) .
A single ferredoxin reductase, FDXR (49) , and a single homolog of the cochaperone HSCB, now known as HSC20, were identified in the human genome (50) , whereas the search for the ortholog of the bacterial chaperone HscA, essential for Fe-S biogenesis, was complicated by the presence of several closely related heat shock 70 proteins (HSP70s) in the human genome. Recently, the mitochondrial HSP70 protein, HSPA9, was found to be the cognate chaperone of HSC20 involved in Fe-S biogenesis (50) . Thus, mammalian cells contain the framework needed for basic biogenesis of Fe-S cofactors.
Importantly, the core ISC components have been identified in the mitochondria, cytosol, and nucleus of mammalian cells (43, 47, 50 -53) , suggesting that Fe-S cluster biogenesis may have evolved in multiple subcellular compartments of eukaryotes. Particularly, a single NFS1 gene identified in the human genome generates two distinct isoforms through alternative utilization of in-frame AUGs (43) . The mitochondrial isoform is generated by initiation at the first AUG of the NFS1 transcript and contains a mitochondrial targeting sequence at the N terminus, which undergoes cleavage to yield a mature mitochondrial protein of 47 kDa in size. An alternative isoform is generated by initiation of translation at the second in-frame AUG, lacks the first 60 residues of the mitochondrial precursor form, and resides in both the cytosol and nucleus. Cytosolic NFS1 (c-NFS1) was proved to be an active cysteine desulfurase, which was able to abstract sulfur from cysteine, and form a complex with the cytosolic isoform of the main scaffold protein ISCU1 (54) . c-NFS1 is also efficiently involved in sulfur mobilization for molybdenum cofactor biosynthesis (55) , and cytosolic/nuclear isoforms of NFS1 were found to be required for cell viability and for the post-transcriptional modification of tRNAs (56, 57) . Previous studies have also shown that alternative splicing of the ISCU transcript gives rise to mitochondrial and cytosolic isoforms of the main scaffold protein (ISCU2 and ISCU1, respectively) in mammalian cells (44) , and subsequent functional analyses revealed the importance of ISCU1 for maintenance/repair of the [Fe 4 -S 4 ] cluster of cytosolic aconitase (52) . The cochaperone HSC20 is the sole human DnaJ type III protein dedicated to Fe-S cluster transfer to recipients (50) . Mutations in HSC20 and in its orthologs cause defects in Fe-S protein activities, mitochondrial iron accumulation, and impaired mitochondrial respiration in human cell lines (50) and in multiple experimental systems, including yeast (58) and fly (59) . Knock-out of HSC20 in mammalian cells prevented assembly of the mitochondrial respiratory chain, due to the crucial role of the cochaperone in the biogenesis of the Fe-S cluster containing complexes (53, 60, 61) . HSC20 is an essential Fe-S biogenesis factor and it has also been found in the cytosol of mammalian cells (50, 53) . These findings differed from studies of the yeast model system, Saccharomyces cerevisiae, in which it was asserted that de novo Fe-S cluster biogenesis occurred exclusively in the mitochondrial matrix, whereas the cytoplasmic Fe-S assembly machinery depended on the export of a sulfur-containing compound (X-S), perhaps through the ABC transporter Atm1, for incorporation into cytosolic and nuclear Fe-S proteins (62) . Studies in Arabidopsis thaliana led to the identification of a physiological substrate of the ABC transporter ATM3, which is the functional ortholog of yeast Atm1 and mammalian ABCB7. ATM3 was found to selectively transport oxidized glutathione and glutathione polysulfide, likely from the mitochondrial matrix into the cytosol (63).
After several decades of studies, a general model emerged in which biogenesis of Fe-S clusters depended on formation of a multimeric complex between the cysteine desulfurase NFS1, its binding partner ISD11, the scaffold protein ISCU1, and ferredoxins (see Fig. 2 ). In addition, frataxin, the human ortholog of yeast Yfh1 and bacterial CyaY, was identified as an essential component of the Fe-S biogenesis pathway through studies of the human neurodegenerative disease Friedreich ataxia (64) . Several experimental evidences led to the proposal that frataxin functions as an allosteric effector of the cysteine desulfurase, by aiding conformational changes that enable NFS1 to transfer inorganic sulfur to the nascent cluster on the main scaffold ISCU (65). Subsequent to cluster assembly on ISCU, a chaperone/cochaperone system, consisting of HSPA9/HSC20 in mammalian cells, physically interacts with ISCU and facilitates cluster release from the scaffold for incorporation into recipient proteins (see Fig. 2) (53, 66) . Although several structures of the bacterial biogenesis complexes have been published, the structure of the mammalian assembly complex may differ significantly (99) . Two of the most challenging matters in obtaining crystals of the biogenesis complexes relate to the transient nature of the interaction of several components of the pathway, such as frataxin and the ferredoxins (67) , and the complication that arises from the presence of numerous accessory proteins such as the acyl carrier protein (68), along with monothiol glutaredoxins and members of the putative "A-type" scaffold family, which are thought to function as intermediate carriers (69 -71) . Importantly, the exact roles of the proposed scaffold proteins NFU1 and BolA3 remain to be elucidated (51, 72-74). A cysteine desulfurase NFS1 forms a dimer to which monomers of the primary scaffold ISCU are proposed to bind at either end, based on the solved structure of the bacterial machinery. LYRM4 is a structural component of the core complex in eukaryotes, and it is required for the activity of NFS1, which, aided by its cofactor pyridoxal phosphate, provides sulfur, removed from cysteine, for the nascent cluster. Frataxin is part of the core complex, potentially binding in a pocket-like region between NFS1 and ISCU. The cluster assembles upon ISCU when iron is provided together with the reducing equivalents needed to generate the final electronic configuration of the cluster. Fe-S cluster transfer to recipients: cluster transfer from ISCU to recipient apoproteins is assisted by a dedicated chaperone/co-chaperone (HSPA9/HSC20) system that facilitates cluster release from the primary scaffold ISCU and transfer to recipient apoproteins or to intermediate carriers, which then target specific recipients. The co-chaperone HSC20 starts the functional cycle of the cognate system by associating with the scaffold protein ISCU, which is loaded with an Fe-S cluster, and with a recipient Fe-S apoprotein (step 1).
Step 2, ISCU binds to the HSP70 chaperone (HSPA9 in mammalian cells) in a two-step process, which involves the transient interaction of the J-domain of HSC20 with the NBD of the ATP-bound state of HSPA9, and the interaction of ISCU with the SBD. ATP-bound HSPA9 is in the open conformation, which exhibits the substrate-binding cavity to allow the interaction with ISCU.
Step 3, simultaneous association of ISCU and the interaction of the NBD of HSPA9 with the J-domain of HSC20 lowers the activation energy for the hydrolysis of ATP. Hydrolysis of ATP and the coupled conformational change in the SBD of HSPA9 is proposed to facilitate cluster release from ISCU and transfer to the recipient protein.
Step 4, a nucleotide exchange factor (NEF), which exhibits high affinity for the ADP-bound state of the HSP70 chaperone, binds to the HSP70-client complex and exchanges ADP with ATP in the NBD (step 5). The client, which has folded into the native conformation driven by the energy provided by hydrolysis of ATP and has acquired its Fe-S cluster, is finally released (step 6).
How are Fe-S clusters delivered to correct recipient proteins?
Although much has been learned about the biogenesis of mammalian Fe-S proteins, one of the main unanswered questions in the field regarded how nascent Fe-S clusters were specifically targeted to the correct recipients, and not to proteins, such as those containing cysteine-rich zinc finger motifs, which could potentially ligate an Fe-S cluster but specifically bind to zinc. In addition, some Fe-S clusters are deeply buried within proteins, suggesting that they must be inserted during folding, and in some cases, they may contribute to the tertiary structure of the protein, by drawing distal cysteine residues into proximity (75, 76) .
The cochaperone HSC20 was considered a possible crucial intermediary between the core biogenesis machinery and recipient Fe-S proteins for its ability to bridge synthesis of nascent clusters to the transfer to selected targets. To evaluate whether HSC20 had binding partners other than HSPA9 and ISCU, a yeast two-hybrid screening was performed between HSC20 and potential binding partners of a human library. Excitingly, the known iron-sulfur protein SDHB was identified in multiple clones of the library as an HSC20 interacting partner (53) . Extensive deletional and mutational analyses of the sequences of SDHB that were able to bind HSC20 led to the identification of a motif in SDHB that represented the main molecular determinant of the interaction with HSC20. The motif consisted of a tripeptide referred to as the LYR motif, because leucine (L) often occupies the first position, tyrosine (Y) occupies the second position, and arginine (R) occupies the third position. Two such motifs were present in SDHB, one located near the N terminus, and the second closer to the C terminus (see Fig. 3 ). Multiple sequence alignments of the SDHB primary sequence from bacteria to human revealed that the LYR motifs were highly conserved. The basic features of the motif were the presence of leucine, isoleucine, or valine in the first position, tyrosine or phenylalanine in the second position, and lysine or arginine in the third position.
SDHB, the Fe-S subunit of mitochondrial complex II, contains three Fe-S clusters of different nuclearities, a [Fe 2 -S 2 ] cluster, a [Fe 4 -S 4 ] cluster, and a [Fe 3 -S 4 ] cluster. Upon inspection of the structure of SDHB, it appeared that the clusters were deeply buried in the mature protein and that they could not be inserted after folding, but rather they underwent ligation to the cysteine residues during folding of the primary peptide into the final functional conformation of SDHB.
Biogenesis of complex II was known to depend on an accessory factor, SDHAF1, also known as LYRM8, for proper maturation. However, the molecular role of this assembly factor had remained unknown. Biochemical and functional studies revealed that the LYR motif of SDHAF1 was essential for Fe-S cluster incorporation into SDHB (60), by directly engaging an Fe-S transfer complex formed of HSC20/HSPA9/holo-ISCU. Importantly, SDHB mutations lead to paraganglioma and renal cancer, and many of these pathogenic mutations were found to alter either the LYR motifs or the known cysteinyl ligands of the Fe-S clusters (77) .
The Fe-S cluster of the Rieske protein, UQCRFS1, is essential for acquisition of mitochondrial complex III (CIII) activity, although the mechanism for Fe-S cluster transfer had not previously been elucidated. LYRM7, a known accessory protein involved in biogenesis of mitochondrial complex III, was identified as an HSC20 interacting partner (53) . Biochemical approaches were undertaken to dissect the last steps of CIII assembly and led to the molecular characterization of a novel complex III assembly intermediate, composed of LYRM7 bound to UQCRFS1 and to a component of the Fe-S cluster biogenesis machinery, consisting of HSC20, its cognate chaperone HSPA9, and the holo-scaffold ISCU. Direct binding of HSC20 to the LYR motif of LYRM7 in a pre-assembled UQCRFS1-LYRM7 intermediate in the mitochondrial matrix was found to facilitate transfer of an Fe-S cluster from holo-ISCU to UQCRFS1 (61) . It would be interesting to investigate whether the S. cerevisiae orthologs of LYRM7 and UQCRFS1 (Mzm1 and Rip1, respectively), which were also found to form a complex (78) , interact with the Fe-S transfer complex, which in yeast consists of the cochaperone Jac1, the specialized chaperone Ssq1, and the scaffold protein Isu. Although the Fe-S biogenesis machinery is highly conserved from bacteria to human, there are several differences between the chaperone/ cochaperone system of most organisms compared with S. cerevisiae. Most eukaryotes utilize a single multifunctional mitochondrial chaperone or Hsp70 protein, whereas S. cerevisiae and a subset of fungi also express a highly specialized Hsp70 involved in Fe-S cluster biogenesis, named Ssq1 (79) . In addition, the cochaperone Jac1 dedicated to Fe-S cluster bio- . The hydrolysis of ATP is coupled to a conformational change in HSPA9, which is proposed to facilitate cluster release from ISCU and transfer to the recipient protein (step 3). Secondary carriers such as ISCA1/2, NFU1, may also mediate or facilitate transfer of Fe-S clusters from ISCU to Fe-S clients (step 3). NEF, which has high affinity for the ADP-bound state of HSPA9, exchanges ADP with ATP (step 4). The Fe-S protein, which has folded into the native conformation driven by the energy provided by hydrolysis of ATP, and has acquired its Fe-S cluster, is released from the transfer complex (steps 5 and 6). As the biogenesis of the mitochondrial OXPHOS system is a modular and complex process, the newly synthesized Fe-S subunits of complexes I-III likely interact with accessory factors, which coordinate the assembly of a large number of proteins into assembly intermediates, prior to their integration into functional respiratory complexes.
genesis in yeast strains that encode Ssq1 has a truncated N terminus (79) compared with human HSC20, in which an extended N-terminal domain contains two CXXC modules (Cys-41/Cys-44 and Cys-58/Cys-61) that coordinate a zinc ion in vitro (80) . The physiological relevance of the zinc finger domain of HSC20 remains to be elucidated, although it may facilitate dimerization of the co-chaperone.
The biogenesis of the mitochondrial respiratory chain is a modular process in which intricate membrane-bound complexes are ultimately formed, aided by multiple accessory factors that coordinate the synthesis and sequential interactions of individual subunits encoded by both the nuclear and mitochondrial genomes. Numerous assembly intermediates have been previously identified (see Fig. 4) (81-84) , and recent studies suggest that HSC20 is intimately involved in complex I formation through its role in Fe-S delivery to nascent subunits, where proteomics and biochemical interactions revealed that all five Fe-S cluster subunits of mitochondrial complex I were identified as HSC20 interacting partners (61) .
The question of how Fe-S clusters are incorporated into complex I was previously addressed in studies of yeast Yarrowia lipolitica, in which the evolutionarily conserved Fe-S protein Ind1 was proposed to facilitate insertion of Fe-S cofactors into subunits of complex I (85). The human ortholog, NUBPL, was assigned a similar role (86) . However, in-depth characterization of the Ind1 ortholog in Arabidopsis thaliana, INDH, demonstrated that INDH was a mitochondrial translation factor required for the expression of multiple complex I subunits, and compromise of INDH function did not specifically inhibit Fe-S delivery (87) . Consistent with a role of Ind1 in mitochondrial translation is the fact that respiratory complexes III and IV were also mildly affected in NUBPL-depleted cells (88) .
Fe-S clusters are transferred from the scaffold protein ISCU to recipient proteins as outlined in Fig. 4 . As has already been discussed, the core Fe-S components of the biogenesis machinery are also present in the mammalian cytosol. It has become increasingly important to understand biogenesis of Fe-S clusters for cytosolic and nuclear Fe-S proteins because of their critical roles in DNA metabolism (89 -92) . The exact role of the Fe-S clusters in DNA metabolism proteins has been long debated. Interestingly, recent studies suggest that the redox state of Fe-S repair enzymes is crucial for their ability to find and repair DNA lesions (93) . Prior to the most recent exciting investigations, it was postulated that the main role of the Fe-S clusters in DNA metabolism enzymes was to provide structural stability (94) . Because most Fe-S proteins readily undergo single electron oxidation/reductions, activity of Fe-S proteins may be tethered to the general reducing power of the cell, and oxidation of Fe-S proteins may diminish their repair and growth functions when cells are depleted of reducing power.
Notably, Fe-S clusters are crucial for many RNA metabolism proteins such as ABCE1, which is a crucial factor in RNA translation (95, 96) , opening the possibility that other RNA metabolism-associated proteins may be unrecognized iron-sulfur proteins.
Thus, it is possible that hundreds of Fe-S proteins are present in mammalian cells, waiting to be identified (97) . If Fe-S proteins prove to be fairly abundant, it would affect the calculations about cysteines, disulfide bonds, and redox status, as many cysteines would be engaged in ligating Fe-S cofactors (98) . Bioinformatics approaches can foster identification of candidate Fe-S proteins, in combination with sophisticated biochemical techniques that enable researchers to study these labile prosthetic groups under protected conditions (75) .
